ABSTRACT The problem of ground moving target imaging and detection is difficult due to the large range cell migration (RCM) and time-varying Doppler frequency migration (DFM) in synthetic aperture radar (SAR) system. To finely refocus a moving target, motion parameters need be accurately estimated for compensating the RCM and DFM. In this work, an efficient ground moving target refocusing method based on pseudopolar fast Fourier transform (PPFFT) and coherently integrated cubic phase function (CICPF) is proposed without a priori knowledge of the motion parameters. First, based on the known radar platform motion parameters, the range curvature correction is completed, and then the range walk is corrected using the efficient PPFFT via estimating the slope of the range walk. In doing so, the energy of the moving target has been focused into the same range cell. Second, time-varying DFM parameters are obtained utilizing the proposed CICPF, and thus the well-focused result of the moving target is obtained. Compared with the existing methods, the proposed method has the advantages in computational complexity due to avoiding the searching and interpolation operation, and anti-noise performances thanks to fully exploiting the twodimensional (2-D) coherently accumulation characteristics and the energy of all the scatterers in moving target for estimating motion parameters. Finally, both the simulated and real SAR data processing results are presented to validate the proposed method.
I. INTRODUCTION
Synthetic aperture radar (SAR) has been widely adopted in many fields of civil and military applications because it has the capacity to obtain high-resolution images regardless the weather condition, day and night [1] - [3] . It is also wellknown that longer synthetic aperture time produces high resolution images of ground moving targets, which is beneficial
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to subsequent classification and recognition [4] . However, the complex motion of the moving target over a long period of time causes large range cell migration (RCM) and Doppler frequency migration (DFM), which results in defocused and dislocated targets [5] , [6] . Therefore, it is important to accurately compensate RCM and DFM for obtaining the wellfocused moving target SAR image.
In this work, the main components of RCM consist of range walk (i.e., linear RCM) and range curvature (i.e., quadratic RCM), and higher order components are assumed to be insignificant. In recent years, many approaches have been proposed to obtain the image of ground moving target with SAR system, and they can be mainly classified into four groups. The first kind is the Keystone transform (KT) based methods [7] - [13] , such as first-order Keystone transform [7] - [9] , second-order Keystone transform (SOKT) [10] , [11] , Doppler Keystone [12] , DerampKeystone [13] , etc. These methods adjusted the slow time axis to eliminate the coupling between the distance and the slow time, and to conduct the RCM correction when the target's motion parameters are unknown. However, they require interpolation operation, which is of high computational complexity and known to be inaccurate. The second group is the Radon transform (RT) based methods [14] - [18] , such as Radon transform [14] , Radon-Fourier transform (RFT) [15] , Radon-fractional Fourier transform [16] , Radon ambiguity function [17] and Radon Wigner-Ville distribution (WVD) [18] , etc. Although the RT based algorithms are effective, they need to constantly adjust the search angle and range step to obtain precision estimations, which means a trade-off must be made between accuracy and computational complexity. The third class is the joint time-frequency analysis based methods including short time Fourier transform [19] , WVD [20] , ambiguity function (AF) [21] , and fractional Fourier transform (FrFT) [22] , [23] , etc. These methods handle a time-varying signal with the low timefrequency resolution and usually require high signal noise ratio (SNR) condition. Since the nonlinear transform is used, the cross-terms interference can also be problematic. In the last group, the prior information of the certain properties in the SAR system are exploited, and representatives are stationary-phase-based two-dimensional (2-D) matched filtering method [24] , geometry-informationaided method [25] , and symmetric Doppler views based approach [26] . However, prior information is not easy to obtain in real applications, which limits the practicality of such methods. More recently, a novel method, termed as gradient feature method (GFM) [27] , is proposed to estimate the slope of the range walk via exploiting the RCM geometry information. Although this method obtains the motion parameters with a low computational complexity, it is sensitive to noise. From the aforementioned analysis, the existing RCM correction algorithms still suffer from either high computational complexity or the requirement of high SNR condition. Therefore, a further study for efficient RCM correction method under the low SNR environment is still necessary.
After the range compression and the RCM correction, the energy of moving target is concentrated into the same range cell and it appears as a linear frequency modulated form. Based on that, the parameter estimation methods can be developed to estimate the time-varying Doppler parameters, for example, second-order WignerVille Distribution (SoWVD) [9] and fractional Fourier transform (FrFT) [28] , [29] , high-order ambiguity function (HAF) [30] , discrete polynomial-phase transform (DPT) method [31] , Lv's Distribution method (LVD) [32] , to name a few. However, in practice, the performance of WVD-based methods is limited by cross-terms interference and spurious peaks caused by its nonlinear feature, and cannot be regarded as the real characteristic of the linear frequency modulation (LFM) signal. The FrFT method avoids the influence of cross-terms and spurious peaks, but it has a high computational complexity due to the search operation used along the frequency modulate rate. The HAF method via onedimensional search based on multiple non-linear operations to obtain phase parameters saves a great amount of computations, but it requires high input SNR. The DPT method adopts a preliminary compensation of the modulation frequency to obtain the modulation parameters, which indicates a low computational load. However, its accuracy of parameter estimation severely depends on the construction of the compensation function. The LVD method better suppresses crossterms and spurious peaks for multiple LFM signal parameter estimation. It suffers from a high computational complexity and accuracy loss caused by the interpolation operation. There are some other approaches, for example, sparse signal reconstruction concept based motion parameter estimations specifically for multi-target scenario [33] , [34] , have been studied as well. It is well-known that these methods are timeconsuming and sensitive to noise. Recently, the instantaneous frequency estimation method based on cubic phase function (CPF) is proposed in [35] - [38] . For the single component case, the CPF method is demonstrated to be effective [35] , [36] . However, there are spurious peaks and cross-terms dealing with multicomponent LFM signal, which seriously affects the parameter estimation performance. To suppress the cross terms and spurious peaks, in [37] , [38] , the product CPF (PCPF) and the integral CPF (ICPF) are proposed, but they only use the partial auto-term energy and amplitude information, which limits the noise suppression performance. To conclude, the current approaches still suffer from heavy computational burden and/or performance loss in low SNR scenario.
To overcome these issues, in this work, we propose an efficient moving target refocusing method based on pseudopolar fast Fourier transform (PPFFT) and coherent integrated CPF (CICPF). The method first uses the radar platform motion parameters to conduct the range curvature correction. After that, the efficient PPFFT is developed to estimate the slope of the range walk trajectory under a low SNR environment, and with the obtained radial velocity, the energy of moving target is concentrated into one range cell. After the RCM correction, the time-varying Doppler parameter is modeled as a multiple LFM signal, and the CICPF is then applied to obtain the motion parameters of the moving target. Using the estimated motion parameter, the high-order term DFM compensation is performed and the well-focused result of the moving target is thus obtained. The computational cost analysis is provided to show the efficiency of the proposed method. The simulations and experiments on the real data demonstrate the great performance improvements over the state-of-the-art algorithms, especially under the low SNR case. This remainder of paper is organized as follows. In section II, the airborne SAR moving target imaging geometry and signal model are presented. The principles of the proposed method are described in details in section III. Section IV shows the simulation and real data process results to demonstrate the validity of the proposed methods. Section V concludes this paper.
II. AIRBORNE SAR MOVING TARGET IMAGING GEOMETRY AND SIGNAL MODEL
In the 2-D slant plane, with a side-looking work mode, the geometry between a flying platform with velocity v p and the moving target is depicted in Fig 1. During the slow time interval T , the moving target travels from point a to point b in which v a and v r respectively represent the along-track velocity and cross-track velocity of the moving target. The R 0 and R (t a ) denote the nearest slant ranges and instantaneous slant range between the platform and target, and t a is the azimuth slow time variable.
Employing the LFM signal as the transmitted signal and after range compression, the received signal of a moving target is [4] - [9] 
where t r is the range fast-time variable, σ is the complex reflectivity of the target, G is the range compression gain, w a (·) is the azimuth window function, λ is the wavelength of the transmitted signal, c is the speed of light, and B r is the bandwidth of the transmitted signal. Based on the geometry relationship in Fig.1 , the instantaneous range R (t a ) is expanded into the second-order term model via the Taylor series expansion, given by
where b 1 and b 2 respectively represent the equivalent firstand second-order coefficients of the instantaneous slant R (t a ). In this work, the higher-order terms of phase are ignored because of the relationship v p − v a t a R 0 . In (2), the expressions of b 1 and b 2 are
Substituting (2) and (3) into (1), and performing fast Fourier transform (FFT) with respect to t r yields
where f r is the range frequency variable corresponding to the t r , and W (·) is the envelope of the range frequency. From (4), it is seen that the first and the fourth terms have no effect on the subsequent analysis and will be ignored. The second exponential term indicates the Doppler centroid shift. The third exponential term tells that the Doppler modulate rate of the fast moving target is mainly affected by the alongtrack velocity. The fifth and sixth exponential terms are called range walk and range curvature term, respectively, and they are the reasons that the trajectory of the moving target spreads over several range cells. Therefore, if one wants to produce a well-focused image of a moving target as well as its motion parameters, the RCM should be corrected first.
III. PROPOSED METHOD
In this section, the procedures of the proposed PPFFT and CICPF algorithm for airborne SAR ground moving target imaging and parameters estimation are described. However, prior to the time-varying DFM compensation, the RCM correction is performed as follows.
A. RCM CORRECTION BASED ON PPFFT
In practice, since the motion of the moving targets is noncooperative, the target signal is usually buried in strong and complex airborne clutter, and high resolution imaging requires a long coherent integration time leading to large range curvature. In this scenario, after range compression, the envelope of different targets overlaps with each other and it is not easy to isolate each target and determine their motion parameters, demonstrated in Fig 2. In this work, the matchfilter method is utilized to correct the range curvature of the moving target, which is based on the fact that the along-track velocity of the moving target v a is much smaller than the velocity of platform v p . The match-filter function for range curvature correction is given by
After the range curvature correction, the effects of platform velocity and target along-track velocity on the range curvature can be well eliminated, and the trajectory of the moving target is focused into a slope line, demonstrated in Fig 3. It is also noted that the compensation of the range walk simply means to estimate the trajectory slope in the t r − t m plane. There are several approaches that conducts this estimation, for example, KT [7] - [9] , RT [14] , [25] , Hough transform [21] . However, they are known to be of high computational complexity and performance loss due to the interpolation and search operation. To overcome those issues, in this work, the geometric information of the linear trajectory in the t r − t m plane is exploited to efficiently estimate the trajectory slope associated with range walk according to the peak coordinate. With the estimated b 1 , the range walk can be accurately compensated.
During T , the cross and along-track motion distances of the moving target are respectively expressed as where PRF is pulse repetition frequency. Therefore, the slope of the range walk is calculated by
where θ d represents the trajectory slope between the trajectory and the horizontal line. If the value of θ d is estimated aŝ θ d , the cross-track velocity is obtained aŝ
From (9), it is seen that the key step now is to efficiently estimate the trajectory slope.
Assume a point P t (X t , Y t ) in range walk trajectory, the cor-
where θ d is the rotating angle. According to (10) , this relationship demonstrates that the range walk trajectory is a rotated version of the horizontal line. Moreover, the corresponding polar Fourier transform (PFT) relationship in the polar coordinate is [39] 
where I PFT t (r, θ) and I PFT h (r, θ) are PFTs of the range walk trajectory and the horizontal line, respectively. Observing (11) reveals that the rotation of two line trajectories in the image domain corresponds to the translation along the polar angle. Therefore, using this relationship, the rotating angle θ d can be estimated in the polar coordinate domain. In [39] , a 2D Fourier transform (FT) and polar coordinate mapping methods are proposed to transform the rotation into the translation at polar coordinate via an interpolation operation to estimate rotating angle θ d . However, the resampling of Cartesian frequency values on a polar grid is sensitive to the interpolation and the estimation accuracy of θ d is thus degraded by the approximation errors. Additionally, the computational load is also high due to the interpolation operation [39] . To reduce the computations and increase the estimation accuracy, we propose an efficient method that requires no interpolations to perform range walk correction by a use of PPFFT.
To address the absence of fast implementation for the PFT, a different sampling grid is developed. In the sampling grids, VOLUME 7, 2019 the rotation motion estimation should become a translational estimation, and 2D FT under the designed sample grid can be efficiently implemented without the interpolation operation. To that aim, in this work, the pseudopolar Fourier transform (PPFT) is utilized, whose grid approximates the polar grid, shown in Fig 4(c) . The pseudopolar grid P is defined by the set of samples [40] , [41] P P 1 ∪ P 2 (12) where
To visually observe sets P 1 and P 2 , pseudopolar grids are provided in Fig 4. In Fig 4a and 4b , k and l, respectively, act as a ''pseudo-radius'' and a ''pseudo-angle''. The resolution of the pseudopolar grid is N + 1 in the angle direction and 2N + 1 in the radial direction. Using (r, θ) representation, the pseudopolar grid is
where
Let PPFT be the samples of the FT on the pseudopolar grid P, and the PPFTÎ j PP (j = 1, 2) is a linear transformation, which is defined by [41] .
From Fig 4c, for each fixed angle, the samples of the pseudopolar grid are uniformly spaced in the radial direction. However, for different angles, the spacing varies. Moreover, the grid is not equally spaced in the angular direction, but has equally spaced angles. That is
The important properties of the PPFT are that it is invertible and both the forward and inverse PPFT are implemented using fast algorithms [42] . In [42] , the fast implementation only needs one-dimensional FFT and the FrFT, which means the PPFFT has a low computational complexity.
The PPFFT is conducted on the image after range curvature correction and its result is denoted by M (r k , θ l ). According to (10) and (11), the relationship between M (r k , θ l ) and the horizontal line in the pseudopolar sampling grid has been transformed to the translational motion along the pseudoangle in the pseudopolar coordinate system. The horizontal line corresponds to the middle position of the pseudo-angle dimension. Therefore, the rotation angleθ d is estimated by (17) , as shown at the bottom of this page where N p is the number of pseudo-angle dimension sampling point, m = 1, 2, . . . , N , N k=1 M (r k , θ l ) is the radial integration of the image after PPFFT operation. Substitutingθ d into (9), the radial velocityv r is readily obtained, and the range walk correction filter in the range-frequency domain is
After RCM correction, the same scatterer energy of moving target is concentrated into one certain range cell and the timevarying Doppler signal is characterized as an LFM signal. To produce a high-resolution, the parameters of the LFM signal need to be accurately estimated as well. In real applications, the received echo data are usually of low SNR due to the long distance or the stealth characteristic of the moving target. Therefore, low SNR environment needs to be taken into account when developing LFM parameter estimations.
B. ALONG-TRACK MOTION PARAMETER ESTIMATION BASED ON CICPF
According to the above analysis, after RCM correction, the resulting signal can be represented by LFM, and without losing generality, the K component LFM signal containing noise is used as
where n (t a ) consists of the complex zero-mean white Gaussian noise with variance δ 2 and the clutter. To obtain the chirp rate b k,2 , many parameter estimation methods are developed such as SoWVD method [9] , FrFT method [28] , [29] , HAF method [30] , DPT method [31] , LVD method [32] , CPF method [36] , the PCPF method [37] and the ICPF method [38] . However, they are either of the heavy computational burden and/or suffer from performance loss in low SNR scenario. It is shown that in [43] , our proposed the CICPF approach is effective under the low SNR case, and the CICPF of (19) is
where t a is used to denote the CICPF operator, τ a denotes the lag-time variable, f t a is the frequency variable with respect to
is the frequency variable with respect to τ 2 a , σ denotes the signal amplitude in the CICPF domain, and δ (·) denotes the Dirac delta function. From (20) , one observes that after CICPF, there is a well-focused peak at 2b k,1 , 2b k,2 in the CICPF domain f t a ; f τ 2 a .
To demonstrate the noise tolerance performance of the CICPF, a two-component LFM signal with parameters listed in Table 1 is adopted, and then it is corrupted by complex additive white Gaussian noise with different SNRs of 5dB and −5dB. The comparisons of the CICPF, PCPF [37] and ICPF [38] are provided in Fig 5(a) and Fig 5(b) , respectively. In the high SNR case, the CICPF, PCPF and ICPF (the different time indices are L = 5 and selected time positions of [−100 −50 0 50 100]), they all demonstrate the capacity of suppressing the cross-terms and spurious peaks, shown in Fig 5(a) . However, in the case of low SNR, spurious peaks are present in the PCPF, shown in Fig 5(b) . Both ICPF and CICPF can suppress the spurious peaks and form two distinct peaks for auto-terms, but the sidelobes of the CICPF indicate that its noise suppression ability should be better than that of the ICPF. In addition to that, it should be noticed that CICPF is realized by NUFFT [43] , and thus it is more computationally efficient.
By a use of estimated b k,1 and b k,2 , the compensation function is designed by
By multiplying equation (19) and (21), the azimuth DFM compensation is completed. Finally, performing azimuth FFT, the moving target refocusing is produced. The detailed implementation flow chart of the proposed method is given in Fig 6. 
C. COMPUTATIONAL COMPLEXITY ANALYSIS
In this section, the computational complexity of the proposed method is analyzed and compared with SoWVD method [9] , Radon transform method (RTM) [29] and GFM [27] . Suppose that the range sampling point is N r and the azimuth sampling point is N a , and for a signal of length N , the computational complexity of FFT is O N log 2 N .
The SoWVD method conducts RCM correction based on KT and along-track moving parameter estimation. Based on its descriptions, the computational cost consists of the following steps. First, using the match-filter to achieve the range curvature correction, and its computational complexity is O (N r N a ) . Second, performing KT to accomplish range walk correction including coordinate transformation and interpolation operations, the computational complexity is O (2 (2N ker − 1) N r N a ) , where N ker is the length of the interpolation kernel. And then, performing SoWVD to estimate the along-track moving parameter, the computational complexity is O 2N a N a log 2 N a . Therefore, the total computation burden of SoWVD method is
For RTM approach, first, it also uses the match-filter to achieve the range curvature correction, and its computational complexity is O (N r N a ) . Second, performing RT to obtain the slope of range walk to achieve the range walk correction, this processing includes ρ − θ coordinate transformation and search maximum to obtain the principal direction. The computational complexity of coordinate transformation is O (N θ N r N a ) , and the computational complexity of the principal direction estimation is O (N r N θ ) , where N θ is the number of the angle direction sampling points. After that, performing FrFT to obtain the target moving coefficients, since the N a -dimensional fast discrete FrFT requires O N a log 2 N a computation, the FrFT complexity will be O (N FrFT N a log N a ) , where N FrFT is the total number of FrFT in the scanning. Therefore, the total the computation burden of RTM is
The GFM also includes the RCM correction and alongtrack moving parameter estimation based on the LVD. Frist, the computational complexity of match-filter is the same as O (N r N a ) . Second, the computational complexity of the construction of a covariance matrix and eigen-decomposition of the covariance matrix is K 2 N r N a , and the computational complexity of the feature vector is K 3 , where K is the dimension of the feature vector. After that, LVD is performed to obtain the moving coefficients, and its computational cost consists of the scaled FT and the 2-D FFT of the parametric symmetric instantaneous autocorrelation function and the computation burden is about O 2N a N a log 2 N a . Therefore, the total computation cost of GFM is
According to the flowchart of the proposed method in Fig 6 , the computational load of the proposed method mainly involves following steps. First, the match-filter operation is O (N r N a ) . Second, performing PPFFT to obtain the slope of range walk to achieve the range walk correction, the computational complexity of PPFFT is O N r N a log 2 N r , and the computational complexity of the slope estimation is N a . Third, performing CICPF to obtain the target moving coefficients, its computation burden is O 2N a N a log 2 N a . To summarize, the total computation cost of the proposed method is
From (22), (23), (24) and (25), one observes that the computational complexity of the proposed method is slightly larger than the GFM, but it is smaller than that of SoWVD method and RTM. Moreover, the computational advantage is more obvious as N ker , N θ and N FrFT increase in previous methods.
IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. SLIMULATION RESULTS AND ANALYSIS
In this section, simulated data are generated to demonstrate the effectiveness of the proposed method. The target motion parameters are v r = −8m s, v a = 3m s, the radar transmits a LFM signal, and the parameters for the SAR system is given in Table 2 . Fig 7(a) shows the result of range compression, it is seen that the moving target has a significant RCM . Fig 7(b) shows the result of the range curvature correction, after the range curvature correction, the echo envelope appears as a slanted straight line. Based on this, the angle of the line is estimated using PPFFT, and the result of range walk correction is given in Fig 7(f) . To compare, range walk correction results obtained by KT, RT, and GFM are respectively depicted in Fig 7(c), Fig 7(d), and Fig 7(e) . It is observed that the proposed method has the best correction effect. After the RCM correction is completed, the CICPF is employed to estimate the values of the first-order and second-order motion parameters, and utilizing the estimated parameters to accomplish azimuth DFM compensation, the imaging result is obtained. In Fig 7(g) , the comparisons of range focusing results of moving target obtained by SoWVD method, RTM, GFM, and the proposed method are provided, while the azimuth focusing results obtained by the SoWVD method, RTM, GFM, and the proposed method are depicted in Fig 7(h) . It can be seen that the focus of the proposed method is the same as the existing methods in the case of high SNR (25dB in this case), which validates the effectiveness of the proposed method.
To verify the performance of the proposed method in low SNR case, the simulation experiment is conducted with 5 dB SNR. The range walk corrections obtained by different approaches are demonstrated in Fig 8(c)-(f) . From the results, the proposed approach outperforms others by clearly transforming the energy into one range cell. In Fig 8(g)-(h) , the range and azimuth focusing results obtained by SoWVD method, RTM, GFM, and the proposed method are depicted. The proposed method produces the same quality focusing as SoWVD method, but with a lower computational complexity.
To objectively measure the performances of different approaches, the root mean square errors (RMSEs) of the estimated angle by the RTM, GFM and the proposed method versus SNR are provided in Fig 9(a) , where the RMSE values are obtained by averaging 100 independent noise realizations. The proposed method has the lowest SNR threshold, which agrees with the previous studies. The running times of different approaches versus SNR are presented in Fig 9(b) , where Intel Double-core processor, CPU clocked frequency at 2.7GHz, memory 4GB, and Window 10 operating system are sued. The computational complexity of the proposed method is slightly larger than the GFM, but its accuracy is much higher, demonstrated in Fig 9(a) . Judging from both the performances improvement and computational complexity, the proposed method achieves a well trade-off.
B. REAL DATA RESULTS AND ANALYSIS
In this section, the airborne real data are utilized to demonstrate the effectiveness of the proposed method. The SAR data were collected by an airborne X-band radar system working at a broadside mode with parameters in Table 3 . Fig 10(a) depicts the SAR imaging result of the scene using the SPECAN algorithm [44] , and it is seen that the moving targets are corrupted by strong clutter. The result of suppressing the clutter is shown in Fig 10(b) , where the moving targets can be clearly seen, but they are smeared due to the RCM and DFM, demonstrated in Fig 10(c) that is enlarged part of the ellipse area in Fig 10(b) . Due to the radial velocity, the moving targets are also displaced from the road where they should be. To clearly show the performances of different methods, one moving target in the ellipse is selected in Fig 10(c) . The energy of this target spreads several range cells, and using PPFFT to estimate the slope of the trajectory, the range walk correction is realized, and the energy of the target is transformed into one range cell, shown in Fig 10(g) .
In Fig 10(d)-(f) , the range walk correction results of using KT method, RTM, and GFM are also provided for a comparison purpose. From the comparisons, they all transform the energy of the target into a range cell, but the proposed method produced a better performance.
After the RCM correction, with the CICPF, the energy of the moving target is accumulated as a sharp peak. From the peak position, the motion parameters are obtained to accomplish azimuth time-varying DFM compensation. Fig 10(h) provides the comparisons of range focusing results of moving target by SoWVD method, RTM, GFM, and the proposed method. Fig 10(i) shows the comparisons of azimuth focusing results of moving target by SoWVD method, RTM, GFM, and the proposed method. It is observed that the focus of the proposed method is slightly better than the existing methods. In Fig 10(j) , with the estimated radial velocity of the proposed method, the moving target is accurately relocated on the original road. To summarize, from both the simulation and experimental experiments, the proposed method is highly desirable in SAR moving targets refocusing because its estimation accuracy high with a relatively low computational complexity.
V. CONCLUSION
This paper develops an efficient ground moving target refocusing method based on PPFFT and CICPF. First, using the known radar motion parameters, the range curvature correction is realized. Second, by a use of the efficient PPFFT, the slope of the range walk is estimated, and radial velocity of the moving target is thus obtained to complete the range walk correction. After that, the resulting signal is modeled as LFM signal and the CICPF is used to obtain the azimuth DFM parameters to produce well-focused result. The numerical studies including simulations and real data demonstrate the performance of the proposed method over the current existing approaches.
